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Inelastic neutron scattering on the spin-chain compound SrsNilrOereveals gapped quasi-lD mag¬ 
netic excitations. The observed one-magnon band between 29.5 and 39 meV consists of two dis¬ 
persive modes. The spin wave spectrum could be well fitted with an antiferromagnetic anisotropic 
exchange model and single ion anisotropy on the Ni site. The extracted dominant anisotropic an- 
tiferromagnetic intra-chain exchange interaction between Ir and Ni ions are Jz — 19.5 meV and 
Jxy — 12.1 meV. These values justify previous electronic structure calculations, showing the impor¬ 
tance of Ir spin orbit coupling on the electron correlations. The magnetic excitations survive up 
to 200 K well above the magnetic ordering temperature of Tat ~ 70 K, also indicating a quasi-ID 
nature of the magnetic interactions in SrsNilrOe- Our results not only support the idea of the 
existence of a new temperature scale well above Tn, but also emphasize the need to consider new 
exchange paths complicated by the SOC, resulting in additional characteristic temperatures in such 
spin-chain systems. 

PACS numbers: 75.25.-j, 75.30.Cr, 75.30.Ds, 75.30.Gw, 75.40.Gb, 75.40.Mg, 75.47.Lx 


Low-dimensional systems, in which quantum me¬ 
chanical wave function is confined in one or two 
spatial dimensions, exhibit some of the most in¬ 
teresting physical phenomena seen in condensed 
matter physics mm- One of these, (quasi-) one¬ 
dimensional (ID) spin chain is important for un¬ 
derstanding low-dimensional magnetism IIHI2 and 
useful for advancing quantum communications [H 
[5]. The study of quantum spin chains has a long 
history, going back at least to the remarkable exact 
solution found by Bet he in 1931 for the spin-1/2 case 
[1]. Spin wave theory, developed by Anderson [13], 
Kubo [2] and others in the 1950s [HHni, has given 
a clear physical picture of the behavior of three- 
dimensional (3D) antiferromagnets (AFM) [TSl[T^ . 
However, ID case remained rather mysterious as 
compared to the higher dimensions. Regarding ID 
case, Haldane first suggested that integer-spin AFM 
Heisenberg spin chains have a finite gap, and only 
the half-odd-integer chains are gapless [20l [21] . 

Significant effort has been devoted over the past 
several decades to understand the behavior of frus¬ 
trated quasi-ID spin systems [22|, which exhibit a 
rich variety of phases due to the enhanced quan¬ 
tum fluctuations in reduced dimensionality. The 



FIG. 1. (Color online) Crystal structure of SrsNilrOe 
showing ID Ni-Ir chains along c-axis. Right side, shows 
the hexagonal packing of chains viewed along the chain 
direction (i.e. in ab-plane). Dark gray, blue, green and 
red balls show Ir, Ni, Sr and O atoms, respectively. 


spin-chain systems with general formula AsMM’Oe 
(A denotes Sr, Ca, etc and M/M’ denotes transi¬ 
tion metals) have attracted much attention in recent 
years, due to their reduced dimensionality [IllEsl- 
138] , This structure consists of ID chains that are 
oriented along the c-axis and arranged in a triangu¬ 
lar lattice in the ab plane (see Fig. [^. The chains 
are formed by alternating face-sharing MOe trigo¬ 
nal prism and M’Oe octahedra, and intercalated by 
A^+ cation, thus forming a hexagonal arrangement 
as shown in Fig. 
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Among these spin chain systems, the Ca-based 
system such as Ca 3 Co 206 has been extensively in¬ 
vestigated mmisTHiii iMEHi . The present work 
is primarily motivated by the original report [39] 
that there exists a characteristic temperature, T*, 
well above long-range magnetic ordering tempera¬ 
ture due to incipient spin-chain order |40l [41] . Such 
investigations are however rare for Sr-based systems. 
The Sr-based spin chain system [26l [42HS] has be¬ 
come a hot topic in condensed matter physics re¬ 
cently owing to its chemical flexibility m- A strong 
intra-chain exchange coupling, which may change 
sign depending on the metal atom, could exist in 
SrsMIrOe (M=metal) besides the strong spin-orbit 
coupling (SOC) of Ir (effective S = 1/2) may lead 
to an anisotropic exchange interactions [28l [29] and 
spin anisotropy in the high-spin carrier such as Ni^+ 
(3d^ 5'= 1). 

SrsMIrOe, with M=Co, Cu, Ni, and Zn, have 
been studied previously [26l HH] [29l |46l [47]. In 
this connection, magnetic investigations on some of 
these compounds can be found in our past literature 
|43l HSl [49] . In Ref. [50] , the resonant inelastic X-ray 
scattering (RIXS) data revealed gapped spin wave 
excitations in SrsCuIrOe that could be fitted us¬ 
ing linear spin wave theory, where a spin-1/2 chain 
with an anisotropic exchange interactions induced 
by the SOC was adopted. When M=Zn (completely 
filled 3d-shell), AFM spin-1/2 chains are expected 
for SrsZnIrOe owing to the super-exchange mecha¬ 
nism between Ir atoms via oxygen ligands [IQIEI]. 
In contrast, for M=Ni {S = 1 for Ni^+, following the 
Hund’s rule), an alternating chain of spin-1/2 and 
spin-1 ions are formed along the c-axis m- One 
would expect a ferromagnetic interaction between 
Ni and Ir spins owing to the orthogonality between 
3d and bd orbitals as was first shown by ab initio 
caicuiations [28]. However, recent experimentai and 
theoreticai resuits have shown that the coupiing is 
AFM [29] [52]. This might be due to the strong 
SOC, which may affect the exchange pathway, thus 
changing the sign of exchange interaction [29]. A 
good understanding of the magnetic properties of 
SrsNilrOe may require both high-resoiution prob¬ 
ing technique and spin wave caicuiations, in which 
the SOC is presented in the form of anisotropic ex¬ 
change interaction and spin anisotropies. We have 
aiso carried out the magnetization and heat capac¬ 
ity measurements of SrsNilrOe to characterize the 
sampie quaiity [53] . 

In this Letter, we present a combination of 
INS measurements and spin-wave caicuiation for 
Sr3NiIr06(the first study of this type). Poiycrys- 
taiiine sampie of Sr 3 NiIr 06 was prepared by soiid- 


state reactions of NiO, Ir02 and SrC 03 [53]. The 
X-ray powder diffraction (XRD) study at 300 K 
shows that the Sr 3 NiIr 06 sampie was singie phase 
and crystaiiized in the space group R3c (space group 
No.: 167). The INS measurements were performed 
between 5 and 300 K using the high count rate time- 
of-fiight chopper spectrometer, MERLIN at the ISIS 
faciiity, UK. To reduce the neutron absorption prob- 
iem from Ir, we fiiied the fine powder of Sr3NiIr06 in 
a thin-Ai enveiop. The sampie was cooied down to 5 
K inside the He-exchange gas using a ciosed cycie re¬ 
frigerator. The INS measurements were carried out 
with various incident neutrons energies: Ei = 15, 
80, 150 and 500 meV. 
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FIG. 2. (Color online) Color coded inelastic neutron 
scattering intensity maps, energy transfer vs momentum 
transfer (Q) of SrsNilrOe measured with an incident 
energy Ei = 80 meV on MERLIN. 


The color-coded INS intensity maps of Sr3NiIr06 
measured at various temperatures between T = 5 
and 300 K with Ei = 80 meV are shown in Eig. Ha- 
f). At T = 5 K, with the momentum transfer \Q\ 
below 4 A“^, a strong scattering peak can be clearly 
observed between 29.5 meV and 39 meV (Eig. [^, 
without any sign of scattering below 30 meV at 
low-Q. Eurthermore, we have not observed any clear 
magnetic signal above 50 meV in high-energy mea¬ 
surements up to 500 meV. The magnetic origin of 
the strong scattering in the 29.5-39 meV band is 
established by the initial reduction in the energy- 
integrated inelastic intensity as a function of\Q\ (see 
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Fig. 2 in [53]) up to 4 caused by spin-wave exci¬ 

tation, and then an increase with \Q\ due to phonon 
scattering. The presence of the phonon scattering 
is revealed in the color maps (Fig. by a large en¬ 
hancement in the intensity between 10 meV and 40 
meV at high-Q (IQj ^ 8 — 10 A“^). We attribute 
the observed magnetic excitations between 29.5 and 
39 meV for \Q\ below 4 A“^ to spin wave scattering 
from Ni^+ and Ir^+ ions in the magnetically ordered 
state below 70 K [52], as expected. Amazingly, the 
spin wave excitations survive up to T = 200 K (Fig. 
I^a-e)). In addtion, the temperature hardly affects 
the magnon lifetime. This type of low-dimensional 
magnetic anomaly could be correlated to the charac¬ 
teristic temperature, T*, proposed for this family of 
compounds [39], which was subsequently confirmed 
by the observation of spin wave excitation in INS 
study of the single crystal and powder Ca 3 Co 206 
[3I1I32]. SrsNiRhOe (spin-1 and spin-1/2 alternat¬ 
ing chain), similar to SrsNilrOe, has also revealed a 
clear magnetic excitation near 20 meV up to 100 K, 
which is well above its T/v = 65 K [43]. In addition, 
the INS study on SrsZnIrOe, which is formed by 
spin-1/2 chains, has showed spin wave excitations 
near 4 meV (5 meV) at 5 K, but the excitations dis¬ 
appear at T/v = 19 K (16 K). The comparison be¬ 
tween SrsNilrOe and SrsZnIrOe suggests that there 
exists a one-dimensional magnetic nature in the for¬ 
mer whereas the latter lacks in it. 

This difference can be understood as follows. 
The presence of a giant spin gap and large zone¬ 
boundary energy in SrsNilrOe, can be explained 
only if there exists strong anisotropic magnetic ex¬ 
change interaction and/or single-ion anisotropy ow¬ 
ing to SOC. This is further supported by the small 
spin gap observed in SrsZnIrOe in which the SOC 
would have similar strength compared to that in 
SrsNilrOe- In addition, the intra-chain and inter¬ 
chain Ir-Ir distances are very similar ( r\j 5 ^ 3 A) in 
SrsZnIrOe, which is much larger than the nearest- 
neighboring Ni-Ir distance (^ 2.7 A) in SrsNilrOe- 
Hence it is expected that the intra-chain interac¬ 
tion is comparable to the inter-chain interaction in 
SrsZnIrOe, while the intra-chain coupling is domi¬ 
nant in SrsNilrOe- This could result in the disap¬ 
pearance of ID magnetism in SrsZnlrOe- 

To see the development of the inelastic magnetic 
scattering (at low-Q, 0 to 3.5 A“^) and the phonon 
excitations (appear at high-Q, 8 to 10 A“^), we have 
extracted Q-integrated energy cuts from the INS 
data as shown in Fig. |^a-d). At low-Q, between 
5 and 100 K, we can see a strong inelastic peak near 
30 meV with a shoulder near 35 meV (second peak) 
in Fig. I^a-b), which remains nearly temperature- 
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FIG. 3. (Color online) Q-integrated energy cuts at vari¬ 
ous temperatures from low-Q (0 to 3.5 A“^) and high-Q 
(8 to 10 A“^) for SrsNilrOe. 


independent up to 100 K. In high-Q cuts (Fig. [^c- 
d)) the absence of this 30-35 meV peak indicates 
that it is due to magnetic excitations and its inten¬ 
sity decreases with Q as expected from the magnetic 
form factor of Ni^+ and Ir^+ ions (see Fig. 2(b) in 
m)- Furthermore, at high-Q, a strong peak near 
15 meV (Fig. [^c-d)) is due to phonon excitations 
as its intensity is very weak at low-Q. Between 150 
K and 300 K, at low-Q, the intensity at 30-35 meV 
peak decreases and almost disappears at 300 K, but 
that of 15 meV peak increases. To see magnetic ex¬ 
citations clearly, we have subtracted phonon scat¬ 
tering from the 5 K data using the data of 300 K. 
The magnetic scattering at 5 K thus derived in Fig. 
4(a) reveals a clear magnetic excitation between 30 
and 39 meV. To check the Q-dependent intensity 
of these excitations, we made Q-integrated cuts in 
three different ranges (Fig. 0 c)): Qi = 1.5-2 A-\ 
(^2 = 2 — 3 and Qs = 3 — 4 A“^. These cuts 
show a double-peak structure with a stronger peak 
around 33 meV and a weaker one around 37 meV. 

The observed magnetic inelastic scattering can be 
well described using linear spin wave theory [MlISS]. 
The double-peak structure can be approximately 
attributed to spin waves on the Ir and Ni sites. 
The stronger lower-energy peak corresponds to spin 
waves on the Ni^+ ions since the spin wave inten¬ 
sity is proportional to the spin quantum number. 
Besides, if the large spin gap is attributed to ex¬ 
change anisotropy, the upper peak has to be Ir spin 
waves, due to the larger Weiss molecular field at the 
Ir sites created by the larger spin of the Ni^+ ions. 

The published neutron diffraction data of 
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FIG. 4. (Color online) (a) The magnetic scattering at 
5 K obtained after subtracting phonon scattering us¬ 
ing 300 K data, strong scattering below 10 meV is due 
to the incoherent background, (b) The simulated spin 
wave scattering at 5 K using SpinW program [50] with 
exchange parameters, Jz — 19.5 meV and Jxy = 12.14 
meV and a single ion anisotropy D = —7.1 meV. (c) ID 
cuts of the magnetic scattering (symbols show experi¬ 
mental data) at 5 K for Qi = 1.5 — 2 , Q 2 = 2 — 3 

and Qs = 3 — 4 A“^ and simulated powder aver¬ 
age spin wave (solid lines) using SpinW program with 
Jz — 19.5 meV, Jxy = 12.14 meV and D = —7.1 meV 
see (text), (d) shows the separate contributions (or de¬ 
composition) of the Ni and Ir calculated spin wave from 
(c). The solid Gaussian peak in (c) shows the instru¬ 
mental energy resolution. 

SrsNilrOecan be equally well fitted with two dif¬ 
ferent solutions [ 52 ] both with ordering wave vec¬ 
tor k = (0,0,1). In the first structure, the mo¬ 
ments along the chains build up amplitude mod¬ 
ulated AFM order, while in the second one only 
two third of the chains are ordered with AFM ar¬ 
rangement along the chains. In the partially or¬ 
dered chain structure 2/3 of the moments would 
contribute to spin wave scattering and 1/3 to the 
diffuse scattering. In the spin wave calculations, we 
assume fully ordered chains of spin-1 and spin-1/2 
ions and neglect inter-chain coupling. Owing to the 
SOC, we expect strongly anisotropic exchange in¬ 
teraction along the chain and a single-ion anisotropy 
for the spin-1 Ni site. Due to the threefold axis along 
the Ni-Ir chains (see Fig.l), the most general ex¬ 
change matrix has two different diagonal elements, 
Jz and Jxy and the single-ion anisotropy can have 
only a Dz component on the Ni-site. The observed 


magnetic structure suggests that Jz is AFM and 
larger than Jxy. We neglect further neighbor inter¬ 
actions, based on similar ID-chain models that have 
been explored for SrsCuIrOe [50] and Ca 3 Co 2 06 
j3T] . both has given excellent agreements between 
the data and calculation and we could also achieve 
excellent result with the following simple model 

( 1 ) 

i 

+ Y,D,StSt, 

iGNi 

where Si with odd and even i denotes Ir and 
Ni spins respectively. Using a two-sublattice single 
chain unit cell and effective Hamiltonian given by 
Eq.[^the fitting of the spectrum is reduced to a sin¬ 
gle parameter fit, Dz [53]. To fit the observed spin 
wave spectrum, we have calculated the spin-spin 
correlation function and the neutron scattering cross 
section using the simulation package SpinW [56] , 
Using uJmin = 29.5 meV and uJmax = 39.0 meV, the 
best fit gives a unique result: Dz = —7.15(5) meV, 
Jz = 19.50(5) meV and Jxy = 12.14(5) meV. The 
Q-integrated cuts convoluted with the instrumental 
energy resolution are shown on Fig. [^c). Fig. Qd) 
shows the spin wave cross section localized on Ni 
and Ir sites separately. The calculated intensity in¬ 
cludes the square of the g-factor of Ni^+ (S' = 1, 
1/ = 3, J = 4, gjsfi = 5/4) and Ir^+ {S = 1/2, L = 2, 
J = 5/2) ions and the magnetic form factor calcu¬ 
lated from tabulated values and the g-factor m- 
The fit shows an excellent agreement with the data 
and also the Q-dependence is very well reproduced 
(see Fig.Qb)). The only significant difference is the 
Q dependent intensity of the upper Ir mode, where 
the measured intensity decreases slower as given by 
our magnetic form factor. This suggest that the Ir^+ 
orbitals are significantly contracted in comparison 
to the free Ir^+ ion. Ab-initio calculations would 
be necessary to precisely determine the magnetic 
form factor, however, this is beyond the scope of 
this paper. The calculated spin wave cross section 
agrees very well with the measured data in absolute 
units assuming fully ordered chains. Thus we can 
also exclude the partially ordered chain structure as 
a possible ground state, since it would reduce the 
spin wave cross section by 1/3. 

In conclusion, we have investigated 
SrsNilrOeusing inelastic neutron scattering, 
along with a spin-wave analysis. Our INS study 
reveals spin wave excitations with with a giant 
energy gap of 30 meV at 5 K. More strikingly. 
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these gapped excitations survive up to a high 
temperature of 200 K, well above T/v, thus con¬ 
firming the quasi-ID nature of the magnetic 
interaction. Our spin wave analysis has given an 
excellent description of the experimental data. The 
presence of giant spin gap, as compared to the 
very small spin gap in SrsZnIrOe having only bd 
magnetic ion (below 1.5 meV with ZB of 5 meV) 
reveals that mixed 3d-bd (or Sd-M) compounds 
can generate distinct exchange pathways and thus 
novel magnetic behaviors. Therefore, the present 
study can foster the research on the magnetic 
excitations in spin-chain systems to consider such 
hitherto unrealized factors, and would generate 
theoretical interest of the development of a more 
realistic model to understand the complex magnetic 
behavior of these systems. 
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SYNTHESIS AND SAMPLE 
CHARACTERIZATION 

The polycrystalline sample of SrsNilrOe (^6 g) 
was prepared by solid-state reactions in an Ar atmo¬ 
sphere at 1200 °C. Stoichiometric powder mixtures 
of NiO (Alfa Aesar, 99.999% purity), Ir02 (Umi¬ 
core) and SrCOs (Alfa Aesar, 99.99% purity) were 
annealed for 24 hours. The checking of the phase 
purity of the end product and the determination of 
unit cell parameters were carried out using an x-ray 
powder diffractometer (XRD) with Cu-Kal radia¬ 
tion at room temperature. Furthermore the quality 
of the sample was checked using neutron diffraction 
measurement at 100 K on the WISH diffractometer 
at ISIS facility of the Rutherford Appleton Labo¬ 
ratory (RAL) in the UK. The magnetization and 
heat capacity measurements were carried out using 
commercial MPMS and PPMS systems (Quantum 
Design) respectively in the temperature range of 2 
and 300 K. 

Our XRD analysis shows that the SrsNilrOe sam¬ 
ple was single phase and crystallized in the space 
group R3c (space group No.: 167) with Z = 6 for¬ 
mula units per unit cell. The lattice parameters 
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TABLE L Refined crystallographic parameters of 
SrsNilrOe using the space group R3c at 2 K from neu¬ 
tron diffraction data [T]. 


Unit cell dimensions: 

a = h = 9.6089(4) A 




c= 11.1678(4) A 

Angles: 



a = 13 = 90°,7 = 120° 

Atom 

Site 

X 

y z 

Sr 

18e 

0.3636(3) 

0 1/4 

Ni 

6a 

0 

0 1/4 

Ir 

6b 

0 

0 0 

0 

36/ 

0.1828(3) 

0.0247(4) 0.1140(2) 

TABLE 

11 . 

Selected distances between atoms in 

SrsNiIrO, 

s- 



Bond 



Bond length (A) 



Intra-chain Inter-chain 

Ir-Ir 


5.584 

5.852 

Ni-Ni 


5.584 

5.852 

Ni-Ir 


2.792 

5.625 

Sr-0 



2.477 

Ir-0 



2.014 

Ni-0 



2.183 

0-0 



2.710 

Sr-Sr 



3.206 

Sr-Ni 



3.494 


TABLE III. Bond angles on selected atoms 

in SrsNilrOe. 

Atoms 

Angles (°) 

Ir-O-Ni 

80.59° 

Ir-O-Ir 

106.90° 

Ni-O-Ni 

110.80° 


at T = 100 K were determined from the neutron 
diffraction experiment [2], values are shown in Ta- 
ble|I| which are consistent with previous reports ET 
[6]. The different bond lengths and inter atomic dis¬ 
tances are shown in Tab. nn and selected bond an¬ 
gles are given in Tab. |ml The crystal structure con¬ 
sists of chains aligned along the c-axis, formed by 
alternating face-sharing NiOe trigonal prisms and 
IrOe octahedra. The chains are arranged on a tri¬ 
angular lattice in the a6-plane. There are two Ir 
ions in the primitive unit at (0,0,0) and (0,0,1/2), 
and two Ni atom at (0,0,1/4) and (0,0,3/4). Tak¬ 
ing into account the rhombohedral-lattice transla¬ 
tions ti = (2/3,1/3,1/3), t 2 = (1/3, 2/3, 2/3), and 


identity, there are six Ir and six Ni sites in the con¬ 
ventional hexagonal unit-cell. The aforementioned 
symmetry leads to a shift of l/6c between neighbor¬ 
ing magnetic atoms along the chains. 

MAGNETIZATION AND HEAT CAPACITY 



Temperature (K) 

FIG. 5. (Color online) Magnetic susceptibility measured 
in zero-field cooled (red triangles) and field-cooled (black 
circles) conditions using 0.1 T field. The inset shows the 
inverse susceptibility versus temperature. The solid line 
denotes the linear Curie-Weiss fit between 150 and 300 
K. 

Figure shows the magnetic susceptibility (x) 
of SrsNilrOeas a function of temperature in zero- 
field-cooled (ZFC) and field-cooled (FC) conditions 
measured in an applied magnetic field of 0.1 T. Al¬ 
though both the ZFC and FC susceptibilities arise 
sharply below T = 70 K, these exhibit considerably 
different behavior below T = 20 K. While the ZFC 
signal sharply drops below 20 K, the FC susceptibil¬ 
ity is almost constant below 20 K. Similar behavior 
was previously reported 0191 and also observed in 
single crystals of SrsNilrOe in external field paral¬ 
lel to the c-axis [1]. Furthermore, the spin-chain 
compound SrsNiRhOe {Tn = 65 K) also exhibits 
very similar behavior in the ZFC and FC suscepti¬ 
bility HDHH]. On the other hand, the susceptibil¬ 
ities of SrsZnIrOe {Tn = 19 K) and 

SrsZnRhOe (T/v = 16 K) [HI [TTl |T2j do not show 
any difference between ZFC and FC susceptibility 
below T/v- It is a general trend for the spin-chain 
systems of this family having two different magnetic 
atoms alternating along the chain to exhibit consid¬ 
erable different behavior in the temperature depen¬ 
dent susceptibility for ZFC and FC. The inverse sus¬ 
ceptibility of SrsNilrOeexhibits a Curie-Weiss (CW) 
behavior between 200 and 300 K with an effective 




























total moment of 3.54(5)//^ per formula-unit and 
paramagnetic CW temperature of —22.1(3) K for 
ZFC data (see inset of Fig. [^. However these values 
should be taken as rough estimates, due to the dif¬ 
ferent temperature dependence of the paramagnetic 
susceptibility of Ir and Ni ions. The negative sign 
of the CW temperature indicates dominant antifer¬ 
romagnetic interactions. Furthermore, y exhibits a 
broad maximum below 100 K, indicating the low¬ 
dimensional nature (or due to frustration) of the 
magnetic interactions in SrsNilrOe- The measured 
ac-susceptibility has a peak in the real part (%') at 
20 K [1], which shows strong frequency dependence 
(i.e. peak position increases with frequency) and 
the time dependent magnetization follows logarith¬ 
mic decay at 20 K. These results show the impor¬ 
tance of magnetic frustration due to the triangular 
nature of the crystal structure. 



Temperature (K) 


FIG. 6. (Color online) Heat capacity versus temperature 
of SrsNilrOe • The inset shows the heat capacity vs 
temperature plot in an expanded scale. 

We have also measured the heat capacity of 
SrsNilrOe between 2 K and 300 K (see Figure 
and haven’t found any clear signature of mag¬ 
netic phase transition down to 2 K, even though 
the neutron diffraction study clearly reveals the 
present of magnetic Bragg peaks below 70 K [T], 
confirming AFM magnetic order below 70 K. On 
the other hand, the neutron diffraction data did 
not show any clear change in the magnetic struc¬ 
ture between 2 K and 70 K. It should be noted that 
the heat capacity of SrsNiRhOe miiin], did not re¬ 
veal any magnetic phase transition either, but those 
of SrsZnIrOe [HI [15] and SrsZnRhOe [8] exhibit a 
clear A-type anomaly at the magnetic ordering tem¬ 
perature. This might indicate that the absence of 
the A-type anomaly in SrsNilrOe is strongly related 
to the low-dimensional nature in magnetic struc¬ 
ture. The observed value of the heat capacity for 


SrsNilrOe at 300 K is 254 J-mol“^K“^, which is in a 
good agreement with that expected from the lattice 
contribution based on Dulong and Petit law [iTj (for 
n-atom molecules Cp ^ 3nR = 274.4 J-mol“^K“^), 
showing that magnetic correlations are completely 
lost at room temperature. 



Q (A-0 


FIG. 7. (a) Scattering intensity as a function of momen¬ 
tum transfer of SrsNilrOe integrated in energy between 
30 and 38meV measured at 5 K. (b) Magnetic scatter¬ 
ing intensity only, obtained by subtracting phonon back¬ 
ground. The solid lines show the magnetic form factor 
for Ni^^ (blue line) and Ir^^ (green line) scaled to the 
data. 


SPIN WAVE CALCULATIONS 

We propose a simple magnetic Hamiltonian, 
where we take into account only interactions be¬ 
tween nearest neighbor magnetic atoms along the 
c-axis and single ion anisotropy of the Ni^+ ions. 
This model gives a perfect fit to the inelastic neutron 
scattering (INS) powder data, this also justifies that 
the interchain interactions can be neglected. Due 
to the rhombohedral-translations every Ni-Ir chain 
are equivalent to a single chain with two atoms. 
We denote the Ir and Ni atoms with sublattice a 
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FIG. 8 . One of the possible magnetic structure of 
SrsNilrOe stabilized at low temperature in a commensu¬ 
rate phase with propagation vector k — (0,0,1). Green 
and orange lines denote intrachain and interchain cou¬ 
plings respectively. Structure of symmetry P3c'l cor¬ 
responding to global phase 9 ? = 0. For global phase 
(/? = tt/G there is a possibility to have zero moment on 
Ni and Ir for the Ni-Ir chain at (x, y^z) [T]. 


and b respectively. We restrict our spin Hamilto¬ 
nian using the crystallographic space group. The 
point group symmetry of the Ni atom allows 
only a single anisotropy parameter along the c-axis 


denoted by Dz . The allowed matrix elements of the 
Ni-Ir bond is determined by the point group sym¬ 
metry of the center of the bond that is C 3 . This 
allows anisotropic exchange, with different Jz and 
Jxy values, also Dzyaloshinskii-Moriya interaction is 
allowed parallel to the c-axis that we neglect here. 
With the above assumptions we propose the follow¬ 
ing effective spin Hamiltonian: 


n = J2 + J-y + €Ai) + 

+ + Jxy (sS,i5M+l + ®a,i®b+l) 

i 

+ J2d4sQ\ (2) 


The first two sums describe the anisotropic ex¬ 
change interaction on both the Ni and Ir sites, while 
the last term describes the single-ion anisotropy of 
the Ni sites. In the observed magnetic structure 
the spins point along the 2 :-axis AF order along the 
chain. The classical ground state of Eq. is identi¬ 
cal to this if Jz is positive and \Jz\ > \ Jxy\ foi* zero 
anisotropy. Assuming the AF ground state, we cal¬ 
culated the spin wave dispersion using the Holstein- 
Primakoff transformation m to reduce the Hamil¬ 
tonian to non-interacting bosons (magnons) and ap¬ 
plied the Bogoliubov transformation to diagonalize 
the quadratic form [19]. Since there are two sub¬ 
lattices, we obtained two ci;i^ 2 (Q) spin wave modes 
dispersing along the chain direction: 


<^1,2(Q) 


+ J^(Sa - Sb) 

(3) 


where Q is the momentum of the magnon in 
units, c is the lattice parameter. In order to fit the 
measured spectrum, we calculated the bottom and 
top energies of the spin wave band and c^t)- If 
Dz < cjt/d we got: 

Jz =c^t /2 ( 4 ) 

Jly =Dz(u}t + ujb) + l/4wj - l/2u}l - l/AtObUJt, 

while if Dz > we got: 

Jz =uJt - 2Dz (5) 

Jxy ~ ~ ‘^Dz{uJt + CJ 5 ) + l/2co’5CJf 


If we determine the bottom and the top of the 
spin wave band from the INS data, there is only a 
single free parameter Dz to be fitted. By calculating 
the powder spin wave spectrum by averaging out 
sufficiently enough random sample orientations for 
a series of Dz values, we could determine Dz by a 
direct comparison of the simulation and data. 

An alternative fitting of the data is possible if 
we assume that we only observe the lower spin wave 
band. Thus there is an upper branch that we missed 
either due to its small INS cross section within our 
measured momentum transfer and energy range or it 
was above our maximum measured incident neutron 
energy {Ei = 500 meV). Detection of spin waves at 
















10 


high energies is much harder due to the cutoff of the 
INS intensity at higher Q values because of the mag¬ 
netic form factor. We simulated this scenario within 
our spin wave model. The highest possible energy 
of the upper band is 75 meV assuming negative 
this belongs to Dz = 0 meV, Jz = 37.5 meV and 
Jxy = 20 meV. In this case the gap is induced only 
by the difference between Jz and Jxy. However in 
this case the lower band in the Q-integrated cuts 
would be symmetric as a function of energy, which 
is not consistent with the data, where the inelastic 
peak shows a shoulder higher energies. In addition, 
the Q-dependence of the lower magnon band would 
show the Ni form factor mainly, which doesn’t fit the 
data either, where the upper shoulder has clearly 
different Q-dependence than the peak intensity at 
35 meV, see Fig. 4(c-d) in the manuscript. Thus we 
can exclude that there is an upper undetected spin 
wave branch with great confidence. 
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